Introduction {#sec1}
============

Primary cilia are slender organelles which regulate a variety of cell signalling pathways including hedgehog, wnt, growth factor and mechanosignalling \[for review see[@bib1], [@bib2], [@bib3]\]. They consist of an axoneme, 2--5 μm in length and 0.25 μm in diameter, composed of tubulin, which is typically acetylated, forming a ring of nine stable microtubule doublets. The majority of proteins required for cilia structure and function are trafficked on and off the cilium by intraflagellar transport (IFT) as cilia lack protein synthesis machinery.

Among the various pathways regulated by primary cilia, recent studies by the authors have shown primary cilia and/or IFT, are required for pro-inflammatory signalling in response to the cytokine, interleukin-1β (IL-1β)[@bib4]. Loss of cilia in chondrocytes with hypomorphic mutation of the IFT protein, IFT88, prevents the associated pro-inflammatory response. Interestingly, in endothelial cells, removal of cilia by complete deletion of IFT88 increased inflammatory gene expression *in vivo*[@bib5]. Other recent studies further demonstrate an interplay between pro-inflammatory nuclear factor-kappa B (NF-kappa B) signalling and IFT[@bib6], [@bib7].

Mechanical stimulation is anti-inflammatory in a variety of tissues[@bib8], [@bib9]. In cartilage cells, mechanical loading inhibits IL-1β-induced release of the pro-inflammatory mediators, nitric oxide (NO) and prostaglandin E~2~ (PGE~2~)[@bib10]. Separate studies have shown mechanical loading regulates primary cilia structure via the tubulin de-acetylase, HDAC6[@bib11], [@bib12], [@bib13]. The resulting subtle changes in primary cilia structure may reflect or induce changes in ciliary IFT, and are associated with regulation of cilia and IFT-dependent signalling pathways including hedgehog[@bib11], wnt[@bib14] and mechanosignalling[@bib15]. However no previous studies have investigated whether the anti-inflammatory effects of mechanical loading are mediated by regulation of IFT and primary cilia or the underpinning mechanisms involved. This study tests the hypothesis that mechanical loading suppresses the inflammatory response to IL-1β by HDAC6-dependent modulation of tubulin leading to changes in primary cilia elongation. We examined this behaviour in articular chondrocytes which are routinely exposed to physiological dynamic mechanical loading consisting of compressive, shear and tensile strains.

We show for the first time, that mechanical suppression of the inflammatory response to IL-1β in chondrocytes occurs in part via an IFT-dependent pathway regulated by HDAC6 activation and modulation of tubulin acetylation and polymerization.

Materials and methods {#sec2}
=====================

Cell and Tissue Culture {#sec2.1}
-----------------------

These studies used isolated bovine articular chondrocytes, bovine cartilage explants and a murine chondrocyte cell line with hypomorphic mutation of IFT88 (full details in SI).

Mechanical loading {#sec2.2}
------------------

Isolated chondrocytes were subjected to equibiaxial cyclic tensile strain (CTS) at 0.33 Hz, 0--10% strain using the Flexcell FX-5000T™ system (Flexcell Corp, PA). Cartilage explants were subjected to cyclic compressive strain (CCS) at 0.33 Hz, 0--10% peak strain using a well-established Bose loading system as previously described[@bib16]. Explants were mounted in a standard 24 well plate with each explant centrally located within a washer. Loading was applied using hemispherical indenter pins with an initial tare load of 0.01N to guarantee contact. All mechanical loading was performed within a humidified incubator maintained at 37°C and 5% CO~2~.

Measurement of Sulphated glycosaminoglycan (sGAG), NO and PGE~2~ release in the culture media {#sec2.3}
---------------------------------------------------------------------------------------------

sGAG release was quantified by Dimethylmethylene Blue (DMMB) assay. NO release was based on measurement of Nitrite (NO~2~), the stable product of NO detected, using the Griess assay. An immunoassay kit (KGE004B, R&D Systems, UK) was used to quantify PGE~2~ release.

Immunofluorescence {#sec2.4}
------------------

Chondrocytes were fixed with 4% paraformaldehyde for 10min, permeabilised with 0.5% triton-X/PBS for 5min and blocked with 5% goat serum for 1hr. Primary cilia were immuno-labelled using anti-acetylated α-tubulin (1:2000, T7451, Sigma Aldrich, Poole, UK) and Arl13b (1:2000, 17711-1-AP, Proteintech, Manchester UK) with overnight incubation at 4°C. Appropriate Alexa Fluor 488 and Alexa Fluor 633 conjugated second antibodies were used for fluorescent labelling and cells were counterstained with DAPI (1 μg/ml).

Confocal and super resolution microscopy {#sec2.5}
----------------------------------------

Primary cilia were visualised on a Leica TCS SP2 confocal microscope (x63/0.95NA objective). Confocal z-stack sections were made throughout the cell depth (0.5 μm step size, 2048 × 2048 form 0.116 μm pixel size). Super resolution structure illumination microscopy (sr-SIM) was performed on a Zeiss 710 ELYRA PS.1 microscope (x63/1.4 NA objective). Cilia length was quantified from maximum projection images using image J[@bib11]. Cilia prevalence was measured from 10 random fields of view.

Western Blotting {#sec2.6}
----------------

Total protein was isolated using RIPA buffer (R0278, Sigma Aldrich) and quantified with Bicinchoninic acid (BCA) assay. To fractionate soluble and polymerized tubulin, soluble tubulin extraction buffer A (137 mM NaCl, 20 mM Tris-HCl, 1% Triton X-100, and 10% glycerol) was added to cells at 4°C for 3 min, plates were gently swirled. Buffer was removed and saved as soluble fraction. Immediately after, polymerized tubulin extraction buffer B (buffer A + 1% SDS) was added for 1 min, cells were scraped, and the polymerized fraction was incubated on ice for 30 min.

Proteins were separated by SDS--PAGE under reducing conditions, transferred to nitrocellulose membranes and blocked in odyssey blocking buffer (Li-Cor Cambridge, UK) before probing with specific primary antibodies and infrared secondary antibodies (Li-Cor). Proteins were visualized using the Li-Cor Odyssey and quantified using Li-Cor lite software.

HDAC6 activity measurement {#sec2.7}
--------------------------

HDAC6 activity was measured using a commercial HDAC6 fluorometric assay kit (K466-100, Biovision). This assay exploits the selectivity of tubacin for HDAC6 in combination with a fluorescent synthetic acetylated-peptide substrate to determine enzyme activity. Briefly, cultures were lysed and 10 μl mixed with acetylated substrate (sample) or with 2 μM tubacin and acetylated substrate (inhibitor control). Reaction mixtures were incubated for 30 min at 37°C. A fluorescent plate reader was used to measure deacetylase-dependent release of a 7-amino-4-trifluoromethylcoumarin fluorophore (excitation/emission at 350/490 nm). HDAC6 activity was calculated as \[sample-inhibitor control\].

Statistical analyses {#sec2.8}
--------------------

Data analysis was conducted using GraphPad Prism 5 (GraphPad Software Inc, La Jolla CA). Parametric analyses were performed on normally distributed data (D\'Agostino-Pearson normality test). Experiments were performed using cells isolated from at least two joints/animals each with three or more technical replicates. These sample sizes are considered appropriate for an exploratory study given the large effect sizes expected and minimal variation in measurements on chondrocytes isolated from separate animals. Throughout the figure legends, *n* denotes the total number of technical replicate and N the number of joints/animals from which cells/tissue was obtained. Data are expressed as mean ± 95% Confidence Interval (CI). Statistically significant differences are indicated at *P* \< 0.05 (\*), *P* \< 0.01 (\*\*) and *P* \< 0.001 (\*\*\*).

Results {#sec3}
=======

Mechanical loading inhibits chondrocyte IL-1β signalling and associated cartilage degradation {#sec3.1}
---------------------------------------------------------------------------------------------

We examined the effect of mechanical loading on the response to IL-1β in primary chondrocytes. Incubation of isolated cells with IL-1β (10 ng/ml) resulted in accumulation of the inflammatory mediators, NO \[*P* \< 0.0001, [Fig. 1](#fig1){ref-type="fig"}(A)\] and PGE~2~ \[*P* \< 0.0001, [Fig. 1](#fig1){ref-type="fig"}(B)\] in the culture media. Simultaneous co-application of IL-1β with mechanical loading in the form of CTS, completely blocked the effect of IL-1β, causing no statistically significant differences between IL-1β treatment and untreated controls for both NO \[*P* = 0.545, [Fig. 1](#fig1){ref-type="fig"}(A)\] and PGE~2~ \[*P* = 0.290, [Fig. 1](#fig1){ref-type="fig"}(B)\].Fig. 1**Mechanical loading inhibits IL-1β signalling and cartilage degradation**. (A) NO (nitrite) release and (B) PGE~2~ release were measured in the culture media (samples *n* = 6, from donors *N* = 2) for primary chondrocytes ± IL-1β (10 ng/ml) in the presence or absence of cyclic tensile strain (CTS, 0--10%, 0.33 Hz, 24 h). (C) NO release and (D) Sulphated glycosaminoglycan (sGAG) release were measured in the media (*n* = 6, *N* = 2) for full depth cartilage explants ± IL-1β (10 ng/ml) in the presence or absence of cyclic compressive strain (CCS, 0--10%, 0.33 Hz, 24 h). Statistical differences based on Two-way ANOVA with Bonferroni\'s post hoc test.Fig. 1

Cartilage explants treated with IL-1β (10 ng/ml) produced a similar response to that seen for isolated cells, with an increase in NO release which was completely blocked by mechanical loading in the form of CCS \[*P* = 0.694, [Fig. 1](#fig1){ref-type="fig"}(C)\]. IL-1β treatment increased sGAG release into the culture media, indicative of cartilage degradation. This catabolic response was completely inhibited by CCS \[*P* = 0.533, [Fig. 1](#fig1){ref-type="fig"}(D)\].

Together, these data confirm that mechanical loading inhibits inflammatory signalling in response to the pro-inflammatory cytokine, IL-1β, and reduces the associated downstream degradation of the cartilage extracellular matrix.

Mechanical loading blocks primary cilia elongation in response to IL-1β {#sec3.2}
-----------------------------------------------------------------------

Previously we have shown that IL-1β causes primary cilia elongation[@bib4] while conversely cilia disassembly occurs in response to mechanical loading (CCS and CTS)[@bib11], [@bib12]. Therefore we examined whether CTS prevents cilia elongation in the presence of IL-1β. Isolated primary bovine chondrocytes were subjected to CTS prior to visualisation of cilia using immunofluorescence with confocal and sr-SIM \[[Fig. 2](#fig2){ref-type="fig"}(A)\]. Treatment with IL-1β at 1 ng/ml, produced a statistically significant increase in cilia length of 14% \[*P* = 0.002, [Fig. 2](#fig2){ref-type="fig"}(B) and (C)\]. However this effect was completely inhibited in mechanically loaded cells subjected to CTS \[*P* = 0.913, [Fig. 2](#fig2){ref-type="fig"}(B) and (C)\]. A similar effect was seen at 10 ng/ml IL-1β which produced a greater degree of cilia elongation in unloaded cells \[43%, *P* \< 0.001, [Figs. S1(A)--(C)](#appsec1){ref-type="sec"}\]. Treatment with IL-1β, at either 1 or 10 ng/ml, had no significant effect of cilia prevalence with or without CTS \[[Fig. 2](#fig2){ref-type="fig"}(D) and [S1(D)](#appsec1){ref-type="sec"}\]. Thus mechanical loading, in the form of CTS, suppresses IL-1β-induced cilia elongation with no effect on cilia prevalence.Fig. 2**Mechanical loading blocks IL-1β induced elongation of chondrocyte primary cilia indicating disruption to intraflagellar transport (IFT) which is required for inflammatory signalling**. (A) Representative SIM maximum intensity projection images of chondrocyte primary cilia ± IL-1β (1 ng/ml) in the presence or absence of mechanical loading in the form of cyclic tensile strain (CTS, 0--10%, 0.33 Hz, 24 h). Cilia were labelled for acetylated-α-tubulin (Acet-α-Tub, far-red) and arl13b (green). Scale bar represents 2 μm. (B) Frequency histograms of cilia length in unloaded and loaded cells and (C) corresponding mean cilia length (*n* ≈ 80--100 cilia) and (D) cilia prevalence (*n* ≈ 100 cells). Statistical analyses based on Mann--Whitney test for cilia length and Chi-square test for cilia prevalence. Changes in (E, G) nitrite and (F, H) PGE~2~ release for wild type (WT) (E, F) and ORPK (G, H) chondrocytes ± IL-1β (1 ng/ml) in the presence or absence of cyclic tensile strain (CTS, 0--10%, 0.33 Hz, 24 h, *n* = 4, *N* = 2). Statistical analyses based on two-way ANOVA with Bonferroni\'s post hoc test; \# indicates significant difference between WT and ORPK.Fig. 2

Mechanical loading suppresses the inflammatory response through an IFT-dependent mechanism {#sec3.3}
------------------------------------------------------------------------------------------

To examine the role of primary cilia and associated IFT in mechanical regulation of inflammatory signalling we used an immortalised chondrocyte cell line generated from the Tg737^ORPK^ mouse[@bib15]. These chondrocytes exhibit hypomorphic mutation of IFT88 which causes cilia to either be absent, or severely stunted. This is illustrated by a significant reduction in expression of visible cilia from approximately 75% in wild type (WT) to 20% in ORPK cells \[*P* \< 0.001, [Figs. S2(A) and (B)](#appsec1){ref-type="sec"}\].

For WT cells, IL-1β (1 ng/ml) had no effect on cilia prevalence \[*P* = 0.872, [Fig. S2(B)](#appsec1){ref-type="sec"}\] but increased cilia length \[*P* \< 0.001, [Fig. S2(C)](#appsec1){ref-type="sec"}\], as seen in primary bovine chondrocytes \[[Fig. 2](#fig2){ref-type="fig"}(A)--(D)\]. WT cells also demonstrated an inflammatory response to IL-1β, which was inhibited by mechanical loading in the form of CTS. Thus IL-1β significantly increased NO and PGE~2~ release \[*P* \< 0.001, [Fig. 2](#fig2){ref-type="fig"}(E) and (F)\] while CTS inhibited both these responses, mimicking the behaviour observed in primary bovine chondrocytes.

For the ORPK cells that were seen to express detectable cilia, IL-1β (1 ng/ml) had no effect on prevalence \[*P* = 0.615, [Fig. S2(B)](#appsec1){ref-type="sec"}\] but increased cilia length \[*P* \< 0.001, [Fig. S2(C)](#appsec1){ref-type="sec"}\]. As previously reported, ORPK cells exhibited an attenuated inflammatory response to IL-1β for both NO and PGE~2~ release, similar to the effect of CTS \[*P* = 0.005, *P* \< 0.001 respectively, [Fig. 2](#fig2){ref-type="fig"}(G) and (H)\]. Importantly, mechanical loading (CTS) produced no further reduction in either NO or PGE~2~ release in ORPK cells in contrast to the behaviour in WT and primary cells.

These results suggest that the inflammatory response to IL-1β occurs via both IFT88-dependent and IFT88-independent pathways, in agreement with our previous studies[@bib4], Furthermore, the anti-inflammatory effects of mechanical loading inhibit the IFT-dependent pathway and hence also regulate ciliogenesis.

Mechanical loading activates HDAC6 to block IL-1β induced tubulin acetylation and polymerization {#sec3.4}
------------------------------------------------------------------------------------------------

Previous studies suggest that HDAC6 activation and associated tubulin deacetylation, regulates changes in primary cilia length in response to mechanical loading[@bib11]. We therefore sought to determine whether CTS modulated tubulin acetylation in the presence of IL-1β and if so, whether this was mediated via HDAC6. Confocal immunofluorescence revealed that HDAC6 was enriched within the cilia of primary articular chondrocytes \[[Fig. 3](#fig3){ref-type="fig"}(A)\]. HDAC6 activity was reduced by treatment with IL-1β in unloaded cells (*P* = 0.013) but was significantly up-regulated by CTS with and without IL-1β treatment \[*P* \< 0.001, [Fig. 3](#fig3){ref-type="fig"}(B)\].Fig. 3**Mechanical loading blocks IL-1β induced tubulin acetylation and reduces non-polymerized tubulin expression via activation of HDAC6**. (A) Representative confocal immunofluorescence for acetylated-α-tubulin (Acet-α-Tub, red), HDAC6 (green) in cultured chondrocytes showing co-localization on the cilia axoneme. (B) HDAC6 activity for cells ± IL-1β (1 ng/ml) in the presence or absence of cyclic tensile strain (CTS, 0--10%, 0.33 Hz, 24 h, *n* = 6, *N* = 2). Western blot analysis of tubulin based on (C--D) total protein levels and (E--F) non-polymerized protein for cells ± IL-1β (1 ng/ml) in the presence or absence of cyclic tensile strain (CTS) as above. (C and E) Representative blots and corresponding semi-quantitative analysis of (D) ratio of acetylated-α-tubulin to α-tubulin and (F) non-polymerized α-tubulin expression (*n* = 6). Statistical analyses based on two-way ANOVA with Bonferroni\'s post hoc test.Fig. 3

We measured the effects of CTS and IL-1β on the acetylation ratio of α-tubulin expression based on total protein levels. Treatment with IL-1β (1 ng/ml) increased acetylation of α-tubulin \[*P* = 0.001, [Fig. 3](#fig3){ref-type="fig"}(C) and (D)\]. A similarly response was also observed at 10 ng/ml IL-1β \[*P* \< 0.001, [Fig. S3(C)](#appsec1){ref-type="sec"}\]. CTS produced a significant reduction in α-tubulin acetylation ratio with and without IL-1β \[*P* \< 0.001 and *P* = 0.047, [Fig. 3](#fig3){ref-type="fig"}(D)\], and completely blocked the acetylation response to IL-1β \[*P* = 0.999, [Fig. 3](#fig3){ref-type="fig"}(D)\].

To examine whether mechanical regulation of HDAC6 activity was responsible for changes in tubulin acetylation, cells were treated with the HDAC6 specific inhibitor, tubacin (SML0065, Sigma--Aldrich, Poole, UK) \[[Fig. 3](#fig3){ref-type="fig"}(C)--(E)\]. Consistent with its role as an inhibitor of deacetylation, tubacin (0.5 μM) increased total α-tubulin acetylation in unloaded cells \[[Fig. S3(A)](#appsec1){ref-type="sec"}\]. Tubacin treatment significantly rescued the IL-1β induced increase in acetylation of α-tubulin in loaded cells \[*P* = 0.039, [Fig. 3](#fig3){ref-type="fig"}(D)\].

We also examined the effect of CTS on the pool of cytoplasmic, non-polymerized tubulin as this is necessary for incorporation into the cilia axoneme during cilia elongation[@bib18]. Treatment with IL-1β significantly increased the presence of non-polymerized α-tubulin *P* = 0.028, [Fig. 3](#fig3){ref-type="fig"}(F)--(H)\]. CTS induced a substantial reduction in non-polymerized tubulin expression (*P* \< 0.001) and abolished the effect of IL-1β \[*P* = 0.591, [Fig. 3](#fig3){ref-type="fig"}(F)--(H)\]. In unloaded cells without IL-1β, tubacin increased the pool of non-polymerized α-tubulin \[[Fig. S3(B)](#appsec1){ref-type="sec"}\]. Tubacin also significantly rescued the pool of non-polymerized α-tubulin in loaded cells treated with IL-1β \[*P* = 0.003, [Fig. 3](#fig3){ref-type="fig"}(F)--(H)\].

In the absence of IL-1β, tubacin did not restore the acetylation ratio of the amount of non-polymerized tubulin suggesting the reduction in tubulin acetylation and polymerization induced by loading alone may not be dependent on HDAC6. However, these studies suggest that mechanical loading activates HDAC6 which inhibits tubulin acetylation and polymerization induced by IL-1β.

Tubulin polymerization with taxol modulates IL-1β-induced cilia elongation and NO/PGE~2~ release {#sec3.5}
------------------------------------------------------------------------------------------------

We next examined whether small molecule inhibition of polymerization would mimic the effects of CTS. We utilized taxol (T7191, Sigma--Aldrich, Poole, UK) to promote tubulin polymerisation, thus decreasing free cytoplasmic tubulin expression independent of HDAC6 activation. This effect on tubulin polymerisation was confirmed by confocal immunofluorescence \[[Fig. S4(A)](#appsec1){ref-type="sec"}\] and western blot \[[Fig. S4(B)](#appsec1){ref-type="sec"}\]. Taxol did not change cilia length in the absence of IL-1β but completely inhibited further cilia elongation caused by IL-1β \[*P* \< 0.001, [Fig. 4](#fig4){ref-type="fig"}(A)\]. Taxol also produced a small but significant reduction in cilia prevalence, both with and without IL-1β \[*P* \< 0.001, [Fig. 4](#fig4){ref-type="fig"}(B)\].Fig. 4**Reduction in non-polymerized tubulin by taxol treatment disrupts IFT-mediated cilia elongation and inhibits IL-1β signalling**. Chondrocytes were cultured for 24 hrs with and without IL-1β (1 ng/ml) and taxol (15 μM). Corresponding measurement of (A) primary cilia length (*n* ≈ 100 cilia); and (B) prevalence (*n* ≈ 100 cells) and the release of the pro-inflammatory mediators, (C) NO and (D) PGE~2~ (*n* = 6). Statistical analyses based on Mann--Whitney test for cilia length, Chi-square test for cilia prevalence and two-way ANOVA with Bonferroni\'s post hoc test for NO and PGE~2~ release.Fig. 4

Taxol had no effect on IL-1β induced NO \[[Fig. 4](#fig4){ref-type="fig"}(C)\] and PGE~2~ release \[[Fig. 4](#fig4){ref-type="fig"}(D)\] in the absence of IL-1β, but significantly reduced the release of both pro-inflammatory mediators in the presence of IL-1β \[*P* \< 0.001 and *P* = 0.041 respectively\]. Thus tubulin polymerization with taxol mimics the effect of CTS. This supports our hypothesis that the mechanically-induced reduction in non-polymerized α-tubulin is partially responsible for the anti-inflammatory effects of loading in the presence of IL-1β.

Inhibition of HDAC6 restores cilia elongation and blocks the anti-inflammatory effects of mechanical loading in the presence of IL-1β {#sec3.6}
-------------------------------------------------------------------------------------------------------------------------------------

We next examined whether HDAC6 inhibition could block the anti-inflammatory effects of CTS on IL-1β signalling. Cells were subjected to CTS with and without IL-1β treatment in the presence/absence of tubacin. Immediately after mechanical loading cells were fixed and primary cilia visualised by confocal immunofluorescence \[[Fig. 5](#fig5){ref-type="fig"}(A)\]. In the absence of IL-1β, tubacin (0.5--2 μM) did not change cilia length or NO release \[[Figs. S5(A) and (B)](#appsec1){ref-type="sec"}\]. However, tubacin (0.5 μM) blocked the effect of CTS such that cilia elongation in response to IL-1β (1 ng/ml) was fully restored in loaded chondrocytes \[*P* \< 0.001, [Fig. 5](#fig5){ref-type="fig"}(A) and (B)\]. Similarly tubacin completely abolished the inhibitory effects of loading on NO \[*P* \< 0.001, [Fig. 6](#fig6){ref-type="fig"}(C)\] and PGE~2~ release \[*P* = 0.005, [Fig. 5](#fig5){ref-type="fig"}(D)\] in response to IL-1β. Consequently, in loaded cells treated with tubacin, IL-1β significantly increased NO and PGE~2~, as seen in unloaded cells. A similar cilia elongation, NO and PGE~2~ response was also observed when cells were subjected to a higher concentration of 10 ng/ml IL-1β during CTS in the presence of tubacin \[[Fig. S6](#appsec1){ref-type="sec"}\].Fig. 5**HDAC6 mediates the mechanical suppression of IL-1β-induced cilia elongation and inflammatory signalling**. Chondrocytes were cultured on Flexcell membranes ± IL-1β (1 ng/ml), ± cyclic tensile strain (CTS, 0--10%, 0.33 Hz, 24 h) in the presence or absence of tubacin (0.5 μM). (A) Representative confocal immunofluorescence maximum intensity projection images of primary cilia labelled for acetylated-α-tubulin (Acet-α-Tub, red) and arl13b (green). Corresponding data for (B) cilia length (*n* ≈ 60--80 cilia), (C) NO release and (D) PGE~2~ release (*n* = 6, *N* = 2). Statistical analyses based on Kruskal Wallis test for cilia length and two-way ANOVA with Bonferroni\'s post hoc test for NO and PGE~2~ release.Fig. 5Fig. 6**In unloaded cells, tubacin prevents IL-1β-mediated tubulin acetylation, cilia elongation and nitrite release**. (A) Cilia length (*n* ≈ 80--100 cilia) and (B) nitrite release (*n* = 6) for chondrocytes cultured in 0.2 μM, 0.5 μM, 1 μM or 2 μM tubacin ± IL-1β (1 ng/ml). Statistical analyses based on Mann--Whitney test for cilia length, one-way ANOVA with Bonferroni\'s post hoc test for NO release; \* demonstrates statistical significance compared with untreated cells; \# compared with cells treated with IL-1β in the absence of tubacin. (C--E) Western blot analysis of tubulin based on total protein levels for cells ± IL-1β (1 ng/ml) and ±tubacin (0.5 μM). (C) Representative blot and semi-quantitative analysis of (D) acetylated-α-tubulin and (E) α-tubulin expression and (F) the corresponding acetylation ratio (*n* = 3). Statistical analyses based on two-way ANOVA with Bonferroni\'s post hoc test.Fig. 6

These data suggest that the anti-inflammatory effect of mechanical loading is mediated by HDAC6 activation and post-transcriptional tubulin modification. This is associated with suppression of primary cilia elongation indicative of disrupted IFT.

In unloaded cells, pharmaceutical inhibition of IL-1β mediated tubulin acetylation suppresses inflammatory signalling and cilia elongation {#sec3.7}
------------------------------------------------------------------------------------------------------------------------------------------

Lastly we conducted a dose response analysis of the effects of tubacin (0.2, 0.5, 1 and 2 μM) on the response to IL-1β (0, 1, 5 and 10 ng/ml) in the absence of loading. In unloaded cells, treatment with tubacin at all concentrations blocked primary cilia elongation induced by IL-1β at 1 ng/ml \[*P* \< 0.001, [Fig. 6](#fig6){ref-type="fig"}(A)\] as well as at 5 and 10 ng/ml IL-1β \[[Fig. S5(A)](#appsec1){ref-type="sec"}\]. This inhibition of cilia elongation was accompanied by suppression of the associated NO release in the presence of 1 ng/ml IL-1β \[*P* \< 0.001, [Fig. 6](#fig6){ref-type="fig"}(B)\]. There was a slight bell-shaped dose response with greatest inhibition of IL-1β signalling at 0.5 μM tubacin. The response was also seen at 5 ng/ml IL-1β but not at 10 ng/ml \[[Fig. S5(B)](#appsec1){ref-type="sec"}\]. Consequently the anti-inflammatory efficacy of tubacin was greatest at lower concentrations of IL-1β, more similar to those seen *in vivo* \[[Fig. S5(C)](#appsec1){ref-type="sec"}\].

Inhibition of cilia elongation and NO release by tubacin was associated with complete disruption of increased tubulin acetylation caused by IL-1β. Consequently, in the presence of tubacin, IL-1β had no effect on acetylated α-tubulin expression and acetylation ratio \[*P* = 0.741 and *P* = 0.812 respectively, [Fig. 6](#fig6){ref-type="fig"}(D)--(F)\]. Nevertheless, these results indicate that in unloaded cells with IL-1β, tubacin disrupts pro-inflammatory signalling associated with inhibition of IL-1β-mediated tubulin acetylation and cilia elongation. This therefore replicates the effect of mechanical loading.

In unloaded cells, in the absence of IL-1β, treatment with tubacin (0.5 μM) for 24 h increased expression of acetylated α-tubulin \[*P* = 0.006, [Fig. 6](#fig6){ref-type="fig"}(D)\], but had no effect on non-acetylated α-tubulin \[*P* = 0.351, [Fig. 6](#fig6){ref-type="fig"}(E)\] thereby increasing the acetylation ratio \[*P* = 0.031, [Fig. 6](#fig6){ref-type="fig"}(F)\]. A similar increase in acetylation ratio was also observed at 1 μM tubacin \[*P* = 0.047, [Fig. S3(A)](#appsec1){ref-type="sec"}\]. This response is entirely consistent with the role of tubacin as an HDAC6 inhibitor. However, the normal effects of tubacin on acetylation of tubulin appear to be disrupted by the presence of IL-1β in unloaded cells in contrast to the behaviour in loaded cells. Treatment with IL-1β significantly increased acetylation \[[Fig. 6](#fig6){ref-type="fig"}(C), (D) and 6(F)\] as seen for unloaded cells on elastic membranes \[[Fig. 3](#fig3){ref-type="fig"}(C)--(E)\]. Interestingly, rather than further increasing acetylation, as would be expected for an HDAC6 inhibitor, and as seen in loaded cells, tubacin completely blocked the effect of IL-1β on acetylation \[[Fig. 6](#fig6){ref-type="fig"}(C)--(F)\]. The reason for this unexpected effect of tubacin in unloaded cells treated with IL-1β is unclear. Throughout these studies we demonstrate a consistent link between tubulin acetylation and IL-1β signalling which is disrupted by mechanical loading through an HDAC6 and IFT dependent mechanism regulating cilia elongation.

Discussion {#sec4}
==========

In this study, we examine the mechanism through which mechanical stimulation suppresses the inflammatory response to IL-1β and the involvement of primary cilia and associated IFT. Within osteoarthritic synovial joints, IL-1β triggers inflammatory signalling leading to reduced synthesis of extracellular matrix proteins, collagen and aggrecan, and activation of metalloproteinases (MMPs) causing cartilage degradation. In agreement with previous studies[@bib10], [@bib19], [@bib20], we demonstrate that in isolated articular chondrocytes, mechanical loading in the form of CTS counteracts IL-1β induced production of NO and PGE~2~ which occur upstream of these events. CCS similarly blocked NO release in articular cartilage explants, as suggested previously[@bib21], and reduced downstream extracellular matrix degradation quantified by sGAG release. Throughout these studies we use 10% strain applied at 0.33 Hz, strains of this magnitude are within the typical range reported for articular cartilage subjected to normal physiological loading[@bib22], [@bib23], [@bib24], [@bib30], [@bib31] This regime reportedly activates membrane hyperpolarisation which is associated with an anabolic loading response[@bib25], [@bib26], [@bib27]. Moreover, it has been effectively used in previous studies to modulate ciliary signalling pathways[@bib28], [@bib29].

HDACs and histone acetyltransferases (HATs) cause post-translational modification of N-terminal tails of nuclear histone proteins as well as other non-histone proteins[@bib32]. HDACs are a family of 18 enzymes that function to deacetylate histone proteins modulating chromosome structure thus contributing to regulation of gene transcription. Among HDACs, HDAC6 has unique characteristics because of its two catalytic deacetylase domains and one ubiquitin-binding domain, such that it inhibits α-tubulin acetylation without altering histone acetylation, gene expression or cell cycle progression[@bib17], [@bib32]. Consistent with this, mechanical activation of HDAC6 inhibited tubulin acetylation caused by IL-1β ([Fig. 3](#fig3){ref-type="fig"}). Treatment with the HDAC6 inhibitor, tubacin, restored tubulin acetylation and cilia elongation in loaded cells treated with IL-1β ([Fig. 5](#fig5){ref-type="fig"}).

Studies in osteoblasts suggest mechanical activation of HDAC6 may involve activation of TGF-β1 receptors[@bib33], [@bib34]. However other studies in lung epithelial cells report mechanical inhibition of HDAC6 activity[@bib35] suggesting the response may depend on cell type or loading regime. The enriched expression of HDAC6 on the chondrocyte primary cilium \[[Fig. 3](#fig3){ref-type="fig"}(A)\] suggests mechanical and pharmaceutical regulation of HDAC6 are closely associated with primary cilia and IFT. Indeed, previous studies report that HDAC6 mediates chondrocyte primary cilia disassembly in response to mechanical loading[@bib11], [@bib34] and other physicochemical stimuli[@bib36], through an Aurora A kinase dependent pathway[@bib37]. Changes in acetylation of ciliary tubulin likely alter the rate of ciliary disassembly, which will regulate cilia length as described by both the differential cargo-loading model of ciliogenesis[@bib38], and the original balance-point model[@bib39].

Cilia elongation requires a pool of free, non-polymerized cytosolic α-tubulin which can be trafficked to the cilia tip for incorporation into the growing axoneme[@bib18]. The current study found mechanical loading reduced the amount of non-polymerized α-tubulin, partially dependent on HDAC6 activation \[[Fig. 3](#fig3){ref-type="fig"}(F)--(H) [S3B](#appsec1){ref-type="sec"}\]. These findings agree with previous studies showing that HDAC6-mediated tubulin deacetylation decreases the pool of non-polymerized tubulin[@bib40]. In the present study, induction of tubulin polymerization with taxol replicated the effect of loading on IL-1β-induced primary cilia elongation and NO release ([Fig. 4](#fig4){ref-type="fig"}). Furthermore, experiments using ORPK cells indicate that suppression of IL-1β-induced NO and PGE~2~ production by mechanical loading occurs through an IFT-dependent mechanism. Thus, ORPK cells with disrupted ciliogenesis, show a reduced inflammatory response and loss of anti-inflammatory mechanoregulation ([Fig. 2](#fig2){ref-type="fig"}). ORPK cells also show hyper-acetylation of tubulin[@bib41] which may further influence HDAC6 mediated mechanoregulation.

It is unclear whether mechanical loading regulates cilia length which then modulates IFT and associated signalling or whether loading regulates IFT directly resulting in changes in cilia length. In support of the former, previous studies demonstrate changes in cilia length inversely regulate the rate of IFT cargo injection and delivery of tubulin to the ciliary tip as an integral part of the differential cargo-loading and balance-point models controlling ciliogenesis[@bib38]. However, although we have shown that IFT is required for IL-1β signalling, it is not clear whether this is mediated by primary cilia. Therefore we suggest that mechanical or pharmaceutical regulation of tubulin acetylation and polymerization, as shown here, may directly influence IFT, thereby controlling various IFT-dependent signalling pathways as well as primary cilia length. This is supported by previous studies showing that tubulin acetylation directly regulates IFT velocity in purified systems[@bib42]. Indeed IFT proteins are also expressed in the cytoplasm where they may have non-canonical, non-ciliary functions[@bib43]. Thus we suggest mechanical regulation of IL-1β-induced NO and PGE~2~ release occurs via HDAC6-mediated regulation of IFT. This in turn modulates cilia elongation in response to IL-1β ([Fig. 7](#fig7){ref-type="fig"}). Indeed the authors have previously reported regulation of IFT-dependent hedgehog signalling associated with mechanical, thermal and chemical modulation of HDAC6 with associated regulation of cilia length[@bib11], [@bib36].Fig. 7**Proposed mechanism through which physiological mechanical loading suppresses IL-1β-induced NO/PGE~2~ production and downstream cartilage degradation**. We suggest that the anti-inflammatory effects of mechanical loading are mediated by mechanosensitive HDAC6 activation resulting in disruption of tubulin acetylation and a reduction in the availability of non-polymerized tubulin, which disrupt IFT and associated primary cilia elongation. This mechanical modulation of IFT therefore suppresses IFT-dependent IL-1β signalling events in the form of NO and PGE~2~ release, thereby reducing cartilage degradation.Fig. 7

In loaded cells, HDAC6 inhibition with tubacin reversed the anti-inflammatory effects of mechanical loading, restoring an inflammatory response to IL-1β. By contrast in unloaded, cells tubacin blocked the inflammatory response. However in both cases, suppression of NO release was associated with inhibition of IL-1β-induced tubulin acetylation and cilia elongation. Thus the data support the overall hypothesis that mechanical modulation of tubulin acetylation regulates IFT to control IL-1β-induced NO and PGE~2~ release. Nevertheless, it remains unclear why in the presence of IL-1β, tubacin inhibits acetylation in unloaded cells. One possibility is that in unloaded cells treated with IL-1β, HDAC6 activity is reduced to such an extent that further suppression by tubacin causes a compensatory upregulation of the deacetylase, sirt-2 which blocks IL-1β-induced tubulin acetylation which has previously been reported in neurons[@bib44].

These findings in articular chondrocytes may also explain the anti-inflammatory effects of other forms of mechanical stimulation in other cell types. For example in endothelial cells, fluid shear forces are known to regulate cilia expression such that areas of the vascular system with steady blood flow have missing or stunted primary cilia. These same areas are less susceptible to inflammation and associated atherosclerotic plaque formation[@bib5], [@bib45], further supporting our universal hypothesis that mechanical stimulation suppresses inflammatory signalling by regulating IFT and cilia elongation.

In conclusion, this study suggests a novel anti-inflammatory mechanism involving mechanoregulation of HDAC6, tubulin acetylation and polymerization which controls IFT thereby suppressing IL-1β-induced NO and PGE~2~ production and attenuating primary cilia elongation. Consequently, this study provides new mechanistic understanding of how mechanical forces may regulate the expanding range of IFT-dependent cell signalling pathways. The findings also support the possibility of novel therapeutic strategies using manipulation of tubulin acetylation and IFT to regulate inflammation and other IFT-dependent pathways important in diseases such as cancer, atherosclerosis and osteoarthritis.
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